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The design of high-frequency power converter is very difficult because the leakage inductance of the transformer affects the perfor-
mance. With consideration of the high-frequency eddy current, the flux linkage due to the eddy-current reaction field using a proposed
summation calculation method is computed. The leakage inductance of a high-frequency transformer is therefore characterized. An
optimum design method of the transformer can be obtained. Experimental results confirm the affectivity of the calculation method.
Index Terms—Inductor, power conversion, transformer.
I. INTRODUCTION
H IGH-FREQUENCY power conversion requires a trans-former for voltage stepping up and down. As the conver-
sion frequency is now approaching megahertz, the design of the
transformer must be handled with care. One of the typical ex-
amples is the forward converter; the existence of the leakage
inductance reduces the output voltage [1]. For high-frequency
resonant converter, the leakage inductance can be used as part
of the resonant inductance [1], therefore the accurate calcu-
lation of the leakage inductance is necessary. A basic one-
dimensional solution to the diffusion equations for high-fre-
quency ac resistance has been demonstrated for the toroidal
inductor with single strand [2]. For high-frequency operation,
because of the eddy-current loss and proximity effect, multi-
stranded windings are commonly used to reduce the loss for
many practical engineers. Therefore, calculation of the leakage
inductance with multilayer and multistranded windings is im-
portant. Simplified analysis for leakage inductance calculation
[3], [4] for ring core has been reported where the eddy-current
reaction field is neglected. Therefore, the analysis is not suit-
able for high-frequency operation. Few publications have re-
ported on high-frequency transformer that is suitable for prac-
tical power converters. Also, the optimum design for the leakage
inductance and its influence on the inductor size, number of
strands, turn-pitch and number of layers are not explored in the
past. In this paper, a model for the high-frequency transformer is
proposed that is an extension of the method in [5]. Based on this
model, the leakage inductance on multistranded and multiplayer
winding is computed and can be applied at any frequency.
II. COMPUTATIONAL PROCEDURE
A. Model
A model for the multistranded and multiplayer winding of
transformer is shown in Fig. 1. The model illustrates how a
stranded wire of strands and layers of winding can be
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Fig. 1. Model of the stranded conductor wingings.
formulated. The conductor is assumed to be square in cross sec-
tion to make the calculation to be tractable. The stranded wire
is also assumed to be evenly interleaved so that all the posi-
tions experience the same magnetic condition. Only one set of
primary or secondary windings is shown. The other set of wind-
ings can be between the winding shown and the core. There are
two components of the leakage inductance. One is frequency-in-
dependent components and the other is frequency dependent.
The former is mainly due to the stored energy in the interlayer
and inter-strand gaps. The latter is due to the flux crossing the
winding space.
The frequency-independent component is simple for compu-
tation. The frequency-dependent component is the theme of the
paper as it affects the performance of a transformer significantly
and will be discussed in detail.
B. Development of the Computation
Under high-frequency operation, the distribution of the eddy
current can be solved by a simultaneous solution of Ampere’s
law and Faraday’s law
(1)
(2)
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where is the resistivity of the conductor and is the current
density and is -directed, and is -directed. For single-fre-
quency
(3)
where is the frequency. Using Ampere’s law, at the th row
can be shown to be
(4)
where , is the internal packaging factor of the stranded con-
ductor, , is the permeability of free space, is
the turn pitch, and is the average current density. If is the
current density in a strand at , (3) and (4) gives
(5)
where . The voltage drop per unit length
at in the th row is the sum of the conduction drop due to
(5) and the induced voltage due to the flux linkage resulted from
(4). Because of perfect interleaving of the strands, the induced
voltage across a strand is derived from the average of the volt-
ages induced in a strand in each row. Therefore, for the ohmic
voltage drop, the corresponding voltage is the average of the
value of the ohmic voltage drop for all values of in a layer
(6)
For induced voltage drop, the induced voltage in kth row has
an effect from each row below, i.e., from to . The
total induced voltage is the average of the voltages induced in a
strand in each layer. Hence
(7)
where is the induced voltage in the th row and can be com-
puted by
(8)
It follows that the total voltage per unit length at th layer is
(9)
The first portion on the right-hand side of (9) is due to the
ohmic voltage drop and the second portion is due to the flux
links all rows above the th row at . The total voltage
Fig. 2. Leakage inductance against conductor size—Ws = 10 and 16
strands.
across the winding is equal to the voltage drop of the leakage
inductance. That is
(10)
It can be seen that the above equations (4)–(10) represent a
one-dimensional computation of the B-field with reaction field
being considered. The proposed computational method give an
alternative way to calculate the leakage inductance as compared
with finite element or analytical method.
C. Normalization
In order to make the simulation results be used in any fre-
quency, a normalized method is proposed here. The strand con-
ductor dimension can be expressed in term of skin depth, i.e.,
, where the skin depth is
(11)
Also, the term in (9) can be expressed as
(12)
where and are the normalized values for and
respectively. The leakage inductance is independent of the cur-
rent density by observing from (10) and (11). The other con-
stants including , , , and are fixed and user-defined.
Therefore, the computational results can be applied to any fre-
quency. The following results will present all the dimensions in
terms of skin depth. Users can denormalize by using the skin
depth at any operational frequency.
III. CHARACTERISTICS OF THE LEAKAGE INDUCTANCE
The above methodology has been programmed and the re-
sults for a variation of layers and number of strands have been
produced.
A. Leakage Inductance in Terms of Number of Layers
Figs. 2–5 show the leakage inductance against conductor
(bundle size) with various numbers of layers. Each of the figures
shows the different combinations of turn-pitches, (
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Fig. 3. Leakage inductance against conductor size—Ws = 10 and 49
strands.
Fig. 4. Leakage inductance against conductor size—Ws = 20 and 16
strands.
Fig. 5. Leakage inductance against conductor size—Ws = 20 and 49
strands.
and 20) and number of strands (16 and 49). The graphs in
Figs. 2 and 3 break when conductor size reaches 10 because of
the physical size that turn-pitch is only 10. It can be seen
that as the number of layers increases, the leakage inductance
increases.
There exists a crest value as the conductor size varies. This
crest value changes with the number of strands and turn pitch.
It can also be seen that as the number of strands increases, the
crest value occurs at a larger value of conductor size, but the
crest value is relatively independent of the number of layers for
a fixed number of strands and turn pitch.
Fig. 6. Leakage inductance against conductor (bundle) size—2 layers and 16
strands.
Fig. 7. Leakage inductance against conductor (bundle) size—2 layers and 49
strands.
Fig. 8. Leakage inductance against conductor (bundle) size—4 layers and 16
strands.
B. Leakage Inductance in Term of Turn Pitch
Figs. 6–9 show the leakage inductance for various normal-
ized turn pitch (varies between 1 to 20). This turn pitch
is a measure of how the packaging density of the turns affects
the leakage inductance. The graph breaks for to 10
because the physical condition that the bundle size cannot be
greater than the turn pitches.
As the number of strands or the number of layers increases,
the leakage inductance also increases. This is mainly because
the number of strands and layers increase the eddy-current re-
action field and hence increase the leakage inductance.
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Fig. 9. Leakage inductance against conductor (bundle) size—4 layers and 49
strands.
Fig. 10. Optimum crest value of leakage inductance against number of strands
with various turn-pitches.
C. Optimum Characteristics of Leakage Inductance
The following conclusion can be drawn from the computed
characteristics.
• For small conductor (bundle) size compared to turn-pitch,
the leakage inductance is small.
• Leakage inductance increases with the number of layers
and number of strands.
• Leakage inductance does not increase monotonically with
conductor size, it has a maximum value with a certain con-
ductor size.
• For large turn-pitch, such as , the leakage induc-
tance reaches a fixed value when conductor size increases.
The optimum crest value of leakage inductance has been
plotted in Fig. 10. This figure is the most important summary
of the paper as it shows where the location of the peak value.
Using this graph, the maximum value of leakage inductance
can be obtained. This is usually for resonant power converter
and transformer designs.
IV. EXPERIMENTAL VERIFICATION
The computed characteristics have been verified with exper-
imental test. In order to examine the characteristics, high-fre-
quency transformer with magnetizing inductance of 100 H to
1 mH were constructed. The high-frequency transformers were
tested from 10 kHz to 1 MHz. Construction and measurement
Fig. 11. Experimental results of the leakage inductance against conductor size.
of each transformer is needed for each data point. Fig. 11 shows
a set of measurement of the leakage inductance characteris-
tics. Sixteen transformers were needed for this verification. The
leakage inductances were measured using the classical method
of short-circuit tests with the HP impedance analyzer. Less than
10% error was obtained.
V. CONCLUSION
A generalized analysis of leakage inductance has been pre-
sented. The method is based on consideration of the eddy-cur-
rent reaction field. Computed results show that there exist max-
imum values for the characteristics. Experimental results using
N67-Rm12 cores were constructed to examine the calculation.
Less than 10% error was obtained.
For the switched-mode power converter design, these max-
imum values of the characteristic curve must be avoided. For
the resonant power conversion design where the leakage induc-
tance is needed for the part of the resonance circuit, the optimum
peak value can be used to reduce the size of the additional res-
onant inductor.
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